INTRODUCTION
The innate immune system relies upon the ability of the host to detect and respond to both pathogenic and nonpathogenic microbes. Detection occurs through a limited set of germ line-encoded receptors called pattern recognition receptors (PRRs) (1, 2) . The coordinated actions of these innate receptors drive the activity and specificity of the host response, and loss of individual receptors can have devastating consequences on innate immunity (3) (4) (5) . Macrophages and monocytes interpret the signals from PRRs to couple microbial detection to phagocytic, microbicidal, and cell signaling machinery, which results in local inflammatory responses and bacterial clearance (6, 7) . Phagocytic receptors, such as the C-type lectin receptors (8) mannose receptor (9) and Dectin-1 (10) and the scavenger receptors (11) CD36 (12) and MARCO (13) , mediate the internalization of microbes from the extracellular space and their delivery to highly degradative compartments within the cell, resulting in bacterial killing and antigen processing for the generation of an adaptive immune response (14) . These phagocytic receptors are crucial for innate bactericidal activity and for the compartmentalization and presentation of bacterial ligands to other PRRs, such as Toll-like receptors (TLRs) (14) (15) (16) .
Brain-specific angiogenesis inhibitor 1 [BAI1; also known as adhesion G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptor B1] is a member of subgroup VII of the adhesion-type G proteincoupled receptors (GPCRs), which was originally identified for a role in inhibiting angiogenesis in brain tumor models (17) . BAI1 was also recognized as a phagocytic receptor for apoptotic cells, mediating apoptotic cell clearance by several cell types, including neurons, myoblasts, epithelial cells, and myeloid lineage cells (18) (19) (20) (21) . We and others reported that, in addition to recognizing apoptotic cells, BAI1 also recognizes Gram-negative bacteria (20, 22) . In this context, BAI1 recognizes the core oligosaccharide of bacterial lipopolysaccharide (LPS) through a series of five type 1 thrombospondin repeats in the extracellular domain (22) . Binding of either apoptotic cells or Gram-negative bacteria to the extracellular domain of BAI1 stimulates the rapid rearrangement of the actin cytoskeleton, which culminates in phagocytosis of the bound particle. In this mechanism, the cytoplasmic domain of BAI1 interacts directly with the engulfment and cell motility protein (ELMO) and Dock180, which together function as a bipartite guanine nucleotide exchange factor (GEF) that activates the Rho family guanosine triphosphatase (GTPase) Rac1 (18, 22) .
In addition to its role in phagocytosis (23, 24) , Rac is also a critical part of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex, a key component of the antimicrobial reactive oxygen species (ROS) response (25) (26) (27) . Active, guanosine triphosphate (GTP)-bound Rac is required for the assembly of the cytosolic regulatory subunits with the transmembrane catalytic subunit gp91phox (28) (29) (30) . The activation of NADPH oxidase was characterized downstream of the opsonic phagocytic receptors Fc-g receptor (FcgR) and complement receptor (CR), but its activation in response to nonopsonized Gram-negative bacteria is poorly understood. Here, we showed that BAI1 not only mediated the capture and internalization of several species of Gram-negative bacteria by macrophages but also enhanced oxidative killing in a Rac-dependent manner. We also showed that BAI1 mediated bacterial clearance in vivo, in a mouse model of peritoneal challenge. Together, these results suggest that BAI1 functions as a critical phagocytic PRR in the host response to Gram-negative bacteria.
our earlier studies, we found that fibroblasts [LR73 Chinese hamster ovary (CHO) cells] expressing exogenous BAI internalized Escherichia coli strain DH5a more efficiently than did control, non-BAI1-expressing cells (Fig. 1A) . To test the function of endogenous BAI1 in bacterial recognition, we compared primary bone marrow-derived macrophages (BMDMs) from wild-type C57BL/6 mice to cells derived from BAI1-deficient mice (19) . For this purpose, bacteria were centrifuged onto monolayers of macrophages at 4°C for 5 min to enable binding, and then the cells were warmed to 37°C for an additional 30 min to enable internalization. We used an immunofluorescence-based assay to distinguish extracellular from intracellular bacteria by specifically labeling extracellular bacteria before cell permeabilization (Fig. 1B) . In this assay, the total number of E. coli associated with BAI1-deficient BMDMs was reduced by about 30% relative to that associated with BAI1-expressing control macrophages (Fig. 1, C  and D) . We found that although the surface binding of E. coli DH5a was not statistically significantly different between wild-type and BAI1-deficient macrophages (Fig. 1, C and D, white arrowheads), internalization was reduced by~50% in the absence of BAI1 (Fig. 1C, white arrows) . This observation suggests that BAI1-mediated uptake contributes substantially to bacterial phagocytosis in primary macrophages.
BAI1 is recruited to sites of bacterial internalization in macrophages
We next analyzed the cellular localization of BAI1 during bacterial recognition by confocal microscopy and live-cell imaging. Because of the poor quality of existing anti-BAI1 antibodies, we used BMDMs derived from transgenic mice expressing a BAI1 construct containing an N-terminal extracellular hemagglutinin (HA) tag (31) . In uninfected macrophages, BAI1 was present on the plasma membrane and in the perinuclear region in a punctate distribution, consistent with previous reports ( Fig. 2A) (18, 32) . Macrophages incubated with the Gram-positive pathogen Staphylococcus aureus showed very little association or enrichment with BAI1, whereas incubation with E. coli for 30 min resulted in substantial clustering of BAI1 around associated bacteria (Fig. 2 , B and C, white arrows). Because these sites were also labeled with the plasma membrane marker wheat germ agglutinin (WGA), we interpret these sites to be either phagocytic cups or phagosomes.
The extent of the association of BAI1 with S. aureus or E. coli was quantified in two ways. First, we determined the MFI of BAI1 at sites of bacterial association. The MFI of BAI1 associated with E. coli was statistically significantly higher than that with S. aureus (Fig. 2D) . Similarly, the percentage of bacteria enriched for BAI1 was 10-fold higher for E. coli than for S. aureus (Fig. 2E) . Although the overall cellular distribution of BAI1 did not change in response to infection (fig. S1), these results indicate a preferential recruitment of BAI1 to sites of interaction with Gram-negative E. coli relative to sites of interaction with the Gram-positive S. aureus. Consistent with this observation, live-cell imaging indicated that BAI1 was concentrated at sites of bacterial attachment (Fig. 2, F and G, and movie S1) and that it remained associated with bacteria during internalization. Together, these findings suggest that BAI1 preferentially recognizes Gram-negative bacteria at the macrophage plasma membrane.
BAI1 ligation stimulates cellular microbicidal activity
The route of cellular entry can markedly affect microbe survival, immune responses, and antigen processing (14, 33) . Indeed, several bacterial pathogens target specific receptors during infection to alter cellular responses and compartmentalization within macrophages (34) (35) (36) (37) . Although somewhat controversial, a large body of evidence suggests that the specific subset of innate immune receptors, such as TLRs, engaged during recognition and uptake can affect phagosome maturation and particle fate (7, 38, 39) . To determine whether the recognition and internalization of Gram-negative bacteria by BAI1 affected their survival, we examined intracellular microbicidal activity in primary macrophages and cell lines with a standard gentamicin protection assay. In this assay, cells were allowed to internalize bacteria for 30 min and then were chased for up to 7 hours in the presence of gentamicin, which kills extracellular, but not intracellular, bacteria. We found that BAI1-deficient BMDMs were attenuated in their ability to kill two different strains of E. coli (Fig. 3, A and B) and two Gram-negative bacterial pathogens, Salmonella Typhimurium and Pseudomonas aeruginosa (Fig. 3, C and D) . Consistent with our earlier data (Fig. 2) , loss of BAI1 did not affect bactericidal activity against S. aureus (Fig. 3E) . Similar results were observed in peritoneal macrophages (PEMs) from wild-type and BAI1-deficient mice (Fig. 3, F and G) and BAI1-depleted J774 cells (a macrophage cell line) ( fig. S2 , A to C). Although the magnitude and kinetics of bacterial killing at earlier time points were affected by the loss of BAI1, differences at later time points were not as pronounced. This presumably reflects the activity of other bactericidal machinery, including antimicrobial peptides or nitric oxide. Together, these observations suggest that BAI1 not only mediates bacterial internalization but also selectively promotes microbicidal activity against Gram-negative bacteria in infected macrophages.
BAI1-mediated internalization of Gram-negative bacteria occurred rapidly after infection. Because the difference in bacterial survival between wild-type and BAI1-deficient cells was reduced at later time points, we hypothesized that BAI1-mediated bactericidal activity occurred earlier.
To test this hypothesis, we examined microbicidal activity over a short time course in which bacteria were internalized for 15 min, washed, and then chased to 30 or 60 min. Viable associated bacteria were then quantified by colony-forming assays. BAI1-deficient BMDMs displayed statistically significantly attenuated bactericidal activity at both 30 and 60 min against nonpathogenic E. coli (Fig. 4A) . Similarly, decreased microbicidal activity in BMDMs lacking BAI1 was also observed against the pathogens P. aeruginosa and two strains of Burkholderia cenocepacia (Fig. 4 , B to D). Bactericidal activity against cell-associated S. aureus at early time points was minimal and did not differ between wild-type and BAI1-deficient cells (Fig. 4E) .
We previously showed that BAI1 mediates the internalization of Gramnegative bacteria by signaling through the ELMO-Dock complex, which leads to activation of the Rho family GTPase Rac1. Macrophages depleted of either BAI1 or ELMO1 are similarly impaired in their ability to internalize noninvasive S. Typhimurium (DinvG), and CHO cells expressing a BAI1 mutant, BAI1-R 1489 KR-AAA, which is unable to couple to the ELMODock complex, show impaired internalization of bacteria relative to that by cells expressing wild-type BAI1 (18, 22) . Τo determine whether BAI1-mediated Rac1 activation contributed to the difference in bactericidal activity observed in wild-type macrophages compared to that in BAI1-deficient macrophages, we isolated BMDMs from knock-in mice expressing an (A) WT and BAI1-KO BMDMs were incubated for 30 min with E. coli DH5a at an MOI of 25 (t = 0) and then chased in the presence of gentamicin for the indicated times to kill extracellular bacteria. Lysates were then plated to count viable intracellular bacteria. Survival is shown relative to the bacterial counts at t = 0. All graphs display relative mean ± SEM of at least three independent experiments. Data were analyzed by two-way analysis of variance (ANOVA) with Bonferroni post hoc comparisons. P values describe the source of variation in the data set (for example, cell genotype, time, or an interaction between the cell genotype and time, which can also be considered as kinetics). Statistical information in the figure shows the results from the post hoc comparison (cell, P < 0.05; time, P < 0.001; n = 3). (B to E) Intracellular bactericidal activity by BMDMs from the indicated mice against Gram-negative bacteria was measured as described in (A). These included E. coli BW25113 (time, P < 0.01; n = 4) (B), P. aeruginosa (cell, P < 0.05; time, P < 0.001; n = 3) (C), noninvasive S. Typhimurium (∆invG) (time, P < 0.001; n = 3) (D), and the Grampositive S. aureus (time, P < 0.05; n = 4) (E). (F and G) The survival of intracellular (F) E. coli DH5a (cell, P < 0.05; time, P < 0.01; n = 3) and (G) E. coli BW25113 (time, P < 0.001; n = 4) in PEMs from the indicated mice was measured as described in (A).
HA-tagged form of this BAI1 mutant (HA-BAI1-R 1489 KR-AAA) (31) . These cells exhibited attenuated microbicidal activity that was quantitatively similar to that of cells deficient in BAI1 (compare Fig. 4A to Fig. 4F ). These results suggest that BAI1-dependent bactericidal activity is dependent on the ELMO-Dock-mediated activation of Rac1.
BAI1-mediated Rac activation is enhanced in macrophages in response to bacterial infection
We previously showed that cells overexpressing BAI1 exhibit increased Rac activity in response to the Gram-negative pathogen S. Typhimurium and that altering the ability of BAI1 to interact with the ELMO-Dock GEF complex inhibits Rac activation and phagocytosis (18, 22) , as described earlier. To confirm that endogenous BAI1 was required for Rac activation in response to Gram-negative bacteria, we measured Rac activity in BMDMs with a well-characterized pull-down assay (40) . Incubation of wild-type BMDMs with E. coli led to robust activation of Rac1 within 30 min (Fig. 5,  A and B) . In contrast, no detectable increase in Rac1 activation was observed in BMDMs lacking BAI1. Similar results were obtained with BMDMs that had been primed with interferon-g (IFN-g) ( fig. S3, A and B) . BAI1-deficient macrophages were not inherently defective in priming, because signaling in response to IFN-g, as determined by measuring the phosphorylation of signal transducer and activator of transcription 1, was comparable between wild-type and BAI1-deficient cells ( fig. S4A ). These results suggest that endogenous BAI1 is required for the activation of Rac in response to Gram-negative bacteria.
ROS production in response to Gram-negative bacteria is regulated by BAI1
As professional phagocytes, macrophages use multiple mechanisms to kill bacteria, including the production of ROS and reactive nitrogen species (RNS) (41) . Macrophages use two primary systems to generate ROS for oxidative killing: mitochondria and the phagocyte NADPH oxidase (25, 26, (42) (43) (44) . In the case of NADPH oxidase, upstream signaling initiates phosphorylation of the cytoplasmic regulatory subunit p47phox, which associates with two other cytosolic proteins, p67phox and p40phox (28) . Assembly of this cytosolic complex on the phagosomal membrane and activation of the membraneassociated catalytic subunits gp91phox and p22phox require the activation of Rac1, Rac2, or both (30, 45) . Whereas Rac2 is the predominant activating form of Rac in neutrophils (46), Rac1 is critical for ROS responses in macrophages (47) (48) (49) . Our observations that BAI1 is required for Rac activation in response to Gram-negative bacteria and that microbicidal activity is reduced in BAI1-deficient cells suggested that BAI1 may stimulate ROS production upon binding to Gram-negative bacteria.
To test this hypothesis, we measured ROS production in IFN-gprimed wild-type and BAI1-deficient BMDMs in a luminol-dependent chemiluminescence (LDCL) assay. We found that incubation of wild-type macrophages with E. coli induced the rapid and robust production of ROS, which was completely blocked by the pharmacological NADPH oxidase inhibitor diphenyleneiodonium (DPI) (Fig. 6, A and B) . In contrast, ROS production was attenuated in cells lacking BAI1. Although the kinetics of activation were different, the ROS responses to two other Gram-negative Survival is shown relative to total cell-associated bacteria at t = 0. All graphs display relative means ± SEM. Data were analyzed by two-way ANOVA with Bonferroni post hoc comparisons (cell, P < 0.0001; time, P < 0.0001; n = 8). (B to E) Cell-associated bactericidal activity of BMDMs from the indicated mice against P. aeruginosa PAO3 (cell, P < 0.01; time, P < 0.01; n = 5) (B), B. cenocepacia BC7 (cell, P < 0.01; n = 4) (C), B. cenocepacia K56-2 (cell, P < 0.01; n = 5) (D), and S. aureus (n = 5) (E) was measured as described in (A). (F) WT-flx and transgenic BAI1-RKR-AAA BMDMs were incubated with E. coli BW251113 at an MOI of 25. Bacterial killing was measured as described in (A) (cell, P < 0.01; n = 3).
bacterial pathogens, P. aeruginosa and B. cenocepacia, were attenuated in BAI1-deficient cells (Fig. 6 , C to F). For comparison, no defect in ROS production was observed when macrophages were incubated with the Gram-positive bacterium S. aureus (Fig. 6 , G and H) or with the phorbol ester phorbol myristate acetate (PMA) (Fig. 6, I and J). Furthermore, macrophages derived from gp91phox-deficient mice, which are completely defective in phagocyte NADPH oxidase activity, showed no detectable ROS generation in response to E. coli (Fig. 6, K and L) . Similar results were observed in an in situ fluorescence assay with CellROX Green, a fluorescent ROS reporter ( fig. S4B ). ROS production in BAI1-deficient macrophages incubated with E. coli was reduced nearly to the level of that in gp91phox knockout cells ( fig. S4, C and D) . Whereas macrophage generation of ROS occurs within minutes of bacterial detection (50) , generation of RNS requires the production of inducible nitric oxide synthase (iNOS), which occurs substantially later (51-53). We found that cellular iNOS protein was similarly produced in wild-type and BAI1 knockout macrophages after 6 hours of exposure to E. coli, indicating that iNOS production did not require BAI1 ( fig. S4E ).
BAI1-mediated ROS responses result in the enhanced microbicidal activity of macrophages
To determine the extent to which BAI1-mediated bactericidal activity depended on ROS, we treated control and BAI1-deficient macrophages with the ROS scavenger N-acetylcysteine (NAC) and measured bacterial survival. Treatment of infected wild-type macrophages with NAC increased bacterial survival to an extent observed in BAI1-deficient cells (Fig. 7A) . Moreover, treatment of BAI1-deficient cells with NAC did not further improve bacterial survival, confirming that the extent of ROS-derived killing at this time point in the absence of BAI1 was negligible. Similar results were observed with gp91phox-deficient macrophages, which showed defects in early microbicidal activity, but no change in bacterial killing in the presence of NAC (Fig. 7, B and C) . In contrast, treatment of cells with the mitochondrial ROS inhibitor MitoTEMPO (54) had no statistically significant effect on bactericidal activity ( fig. S5 ), indicating that most of the early microbicidal ROS was derived from the phagosomal NADPH oxidase complex.
BAI1 promotes bacterial clearance in vivo
Given the defect in bacterial phagocytosis and killing in BAI1-deficient primary cells, we hypothesized that BAI1 knockout animals would exhibit impaired bacterial clearance and increased susceptibility to bacterial challenge (53, 55) . To test this possibility, we used a well-characterized model of bacterial peritonitis in which we infected wild-type, BAI1 knockout, and gp91phox knockout mice intraperitoneally with nonpathogenic E. coli and then analyzed several parameters of susceptibility (Fig. 8A ). First, a disease score was determined for each animal based on macroscopic examination of their behavior, including posture, eye discharge, grooming, and movement at 4 hours after infection ( fig. S6 ). BAI1-deficient animals exhibited enhanced disease activity compared to that of wild-type mice (Fig. 8B) , which was comparable to that of mice lacking gp91phox. Second, BAI1 knockout animals succumbed to peritoneal infection more rapidly than did control wild-type mice (Fig. 8C) . Measurement of colonyforming units (CFUs) revealed statistically significantly greater bacterial burden in the peritoneum, liver, and spleen at 4 hours after infection in BAI1 knockout mice compared to wild-type mice (Fig. 8, D to F) . At 24 hours after infection, wild-type mice had almost completely cleared bacteria from the liver and spleen. In contrast, both the BAI1 knockout and gp91phox knockout animals showed persistent, viable CFUs in these tissues (Fig. 8, G to I) . Furthermore, bacterial counts in the BAI1 knockout animals were similar to those in the gp91phox knockout animals, suggesting that defective ROS production contributes to increased susceptibility to bacterial infection.
DISCUSSION
Innate immune cells express an array of PRRs that function in bacterial detection and phagocytosis (2, 3, 14, 56). We previously showed that BAI1 acts as a PRR for Gram-negative bacteria and that it specifically binds to the relatively invariant core oligosaccharides of bacterial LPS (22) . Furthermore, this recognition mechanism is distinct from that used by TLR4, which binds to the acyl chains of LPS (57) . Binding of bacteria to BAI1 stimulates their phagocytic uptake through the direct activation of the ELMO-Dock complex, which acts as a GEF for Rac (22) . Here, we extend these observations to show that BAI1-mediated Rac activation not only stimulates bacterial internalization by macrophages but also is necessary for robust activation of the phagosomal NADPH oxidase complex. In vitro, primary macrophages lacking BAI1 exhibited substantially reduced bactericidal activity because of attenuated induction of ROS in response to both nonpathogenic and pathogenic Gram-negative bacteria. The importance of the NADPH oxidase complex in the innate immune response to bacterial infection is highlighted in patients with chronic granulomatous disease (CGD), who have deficiencies in specific components of the NADPH oxidase machinery (26, 27) . Consistent with the presentation of CGD in humans, mice deficient in gp91phox, the catalytic subunit of phagocyte NADPH oxidase, are highly susceptible to bacterial infections (53, 55, 58, 59) . Note that patients with CGD are particularly susceptible to select bacterial pathogens, including B. cenocepacia (60, 61) . Here, we showed that BAI1-deficient macrophages were similarly impaired in their ability to generate ROS in response to B. cenocepacia and several other Gram-negative pathogens, including P. aeruginosa and S. Typhimurium, which resulted in inefficient killing. Together, these data suggest that BAI1 broadly contributes to defense against Gram-negative bacteria. Although we cannot rule out other defects in the early inflammatory response to E. coli, such as defects in inflammatory signaling and cytokine production, we showed that the loss of BAI1 had an effect on susceptibility to bacterial challenge in vivo that was similar to that caused by loss of gp91phox, which suggests that BAI1-dependent ROS activity is a critical factor in early innate immunity and bacterial clearance.
The cellular mechanisms that couple nonopsonic, phagocytic receptors to cellular bactericidal machinery are not well understood (29) . It is well established that Rac1 and Rac2 are critical components of the NADPH oxidase machinery in macrophages and neutrophils, respectively (47) (48) (49) 62) . The recruitment and activation of Rac proteins occur through GEFs that catalyze the exchange of guanosine diphosphate for GTP (63) . In neutrophils, the Rac-GEF P-Rex1 is implicated in the activation of Rac2 and NADPH oxidase by the bacterial formyl peptide fMetLeuPhe (64), whereas in both macrophages and neutrophils, the Vav family of Rho GEFs is linked to ROS and inflammatory cytokine responses downstream of TLRs (65) and FcgR (66) . One study showed that deletion of the three Vav family proteins (Vav1, Vav2, and Vav3) attenuated macrophage ROS production in response to high concentrations of LPS and that the activation of Vav was dependent on the TLR adaptor protein myeloid differentiation primary response gene 88 (MyD88) (65) . In that study, Vav family members mediated the activation of Rac2; however, Rac1 was not examined. In contrast, here, we observed almost complete abrogation of Rac1 activity in BAI1-deficient cells and a corresponding reduction in ROS production, suggesting that BAI1-mediated activation of these responses occurs independently of the Vav signaling pathway. Note that BAI1 does not appear to be required for (J) n = 4. (K) ROS was measured in WT or gp91phox-KO BMDMs incubated with E. coli BW25113 using LDCL and analyzed as described in (A) (interaction, P < 0.0001; cell, P < 0.0001; time, P < 0.0001). (L) The mean fold change in peak ROS production ± SEM from three experiments is shown for WT and gp91phox-KO BMDMs treated with E. coli BW25113. Data were analyzed by Student's t test.
phagocytosis or ROS production in response to Gram-positive bacteria, because no differences were observed between wild-type and BAI1-deficient macrophages infected with S. aureus. BAI1 signals through several pathways that lead to Rac1 activation. These include direct binding and activation of the bipartite ELMO-Dock Rac GEF complex in response to both apoptotic cells and Gram-negative bacteria (18, 22) , as well as the recruitment and activation of the Par3-Tiam1 complex during synaptogenesis (67) . Rac activation during synaptogenesis requires its interaction with the Par3-Tiam1 complex but not ELMODock180 (68) . Here, we showed that macrophages expressing a BAI1 mutant that cannot interact with ELMO-Dock were as attenuated in bacterial killing as were cells that lacked BAI1. Although we cannot rule out an interaction between BAI1 and Tiam1 in this context, this observation suggests that the ELMO-Dock complex is the primary mediator of Rac activation in response to Gram-negative bacteria. In addition to being linked to Rac, the cytoplasmic domain of BAI1 has also been linked to the activation of RhoA and extracellular signal-regulated kinase through the G protein Ga 12/13 (68) .
In addition to NADPH oxidase, mitochondrial ROS has been implicated in oxidative killing in a pathway dependent on both TLR4 and MyD88 (44) . Here, we found that MitoTEMPO, which selectively scavenges mitochondrial superoxide (54), had no effect on BAI1-dependent bactericidal activity, indicating that BAI1-mediated bacterial killing occurs independently of mitochondrial ROS. Moreover, in our hands, the ROS response to E. coli was completely absent in cells lacking the NADPH oxidase subunit gp91phox, which suggests that at least at the time points we examined, ROS production occurred primarily through the phagosomal NADPH oxidase. The reduced microbicidal activity of BAI1-deficient macrophages in vitro was comparable to that of gp91phox-deficient cells, and similar defects in bacterial clearance were observed in vivo in a mouse model of peritoneal infection. Together, these results suggest that BAI1 is an innate phagocytic receptor that couples bacterial detection to the induction of oxidative killing by stimulating Rac activation in phagocytes. There are many innate immune receptors that initiate ROS production, but they do so in response to distinct stimuli. The specificity of BAI1 for nonopsonized, Gram-negative bacteria represents a previously uncharacterized mechanism for the regulation of ROS production in macrophages. This study reveals a potentially broader role for BAI1 in modulating cellular immune responses, ROS production, and inflammation not only during infection by bacterial pathogens but also under homeostatic conditions through the recognition of resident microbes at mucosal sites.
MATERIALS AND METHODS

Ethics statement
All experiments were performed in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Protocols were approved by the Institutional Animal Care and Use Committee at the University of Virginia (protocol number 3488).
Mice
Age-and sex-matched C57BL/6 mice between 6 and 10 weeks of age were used for the harvesting of primary macrophages and for peritoneal challenge experiments. BAI1 knockout mice have been described previously (19) . Mice expressing transgenic wild-type BAI1 or BAI1-AAA coding sequences were generated by knocking the coding sequence for human BAI1 or its mutant into the nonessential Rosa26 locus of C57BL/6 embryonic stem (ES) cells, and generating mice with these targeted ES cells (31, 69) . gp91phox knockout mice were a gift from B. Mehrad, University of Virginia (Charlottesville, VA). Mice were housed in pathogen-free conditions.
Isolation and culture of cells
Stable BAI1-depleted J774 macrophage cell lines were generated by transduction with lentiviruses encoding short hairpin RNA (shRNA) against murine BAI1 (hairpin sequence V3LHS_322807, catalog number RHS4531-NM_174991; Open Biosystems) and selection with puromycin. J774 cells were cultured in Dulbecco's modified Eagle's medium (4.5 g/liter glucose; Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin (pen-strep). Knockdown was confirmed by quantitative reverse transcription polymerase chain reaction analysis. LR73 CHO cell lines have been described previously (18) and were cultured in a minimal essential medium (aMEM; Gibco) containing 10% FBS and 1% pen-strep. PEMs were isolated from mouse peritoneal lavage with sterile phosphatebuffered saline (PBS). To generate BMDMs, cells were seeded onto nontissue culture-treated plastic plates and cultured in RPMI supplemented with 10% FBS, 10% L929 conditioned medium (as a source of colonystimulating factor-1), and 1% pen-strep. BMDMs were cultured for 6 days ex vivo before use, and the culture medium was changed every 2 days.
Macrophage differentiation was confirmed by flow cytometric analysis of the cell surface abundances of F4/80 (clone BM8; eBioscience) and CD11b (clone M1/70; eBioscience).
Bacterial strains and culture
All bacteria, including E. coli DH5a (18265-017; Invitrogen) or BW25113 [E. coli Genetic Stock Center Keio collection parent strain (70) ], were cultured overnight in Luria-Bertani (LB) broth under aerobic conditions before use. Immunofluorescence microscopy was performed using either E. coli DH5a or noninvasive S. Typhimurium expressing dsRed (71) . Dspa S. aureus Newman strain (72) was a gift from A. Criss, University of Virginia (Charlottesville, VA). P. aeruginosa PAO3 was a gift from B. Mehrad, University of Virginia (Charlottesville, VA). B. cenocepacia strains BC7 and K56-2 were gifts from C. Sifri, University of Virginia (Charlottesville, VA).
Immunofluorescence-based internalization assay E. coli DH5a-dsRed were surface-labeled with EZ-Link Sulfo-NHS-LC-Biotin (1 mg/ml; Life Technologies) for 30 min at 4°C. BMDMs were plated on glass coverslips (Fisher) overnight before being infected for 30 min with biotinylated bacteria at an MOI of 25 in RPMI with 10% FBS. Cells were washed and then fixed with 4% paraformaldyhyde (PFA) without permeablization and then were blocked in PBS containing 3% bovine serum albumin (BSA). Extracellular bacteria were labeled with streptavidin-Alexa Fluor 488 conjugate (Life Technologies) for 30 min, after which cells were permeabilized with 0.1% Triton X-100 in PBS with 3% BSA. Cells were counterstained with DAPI to label nuclei. Images were acquired with a Nikon Eclipse E800 microscope equipped with a QImaging Retiga camera and Nikon NIS-Elements software. Test images determined optimal exposure gains, and this gain was subsequently used for all conditions within an experimental replicate. In this assay, intracellular bacteria appear red, whereas extracellular bacteria are doublepositive for dsRed and Alexa Fluor 488 and appear yellow. At least 125 cells per replicate were imaged.
Immunofluoresence microscopy
Transgenic BMDMs (1 × 10 5 ) expressing HA-BAI1 were plated on fibronectin-coated coverslips (Sigma). The following day, the cells were incubated with E. coli DH5a-dsRed at an MOI of 10 for 30 min at 37°C. Cells were then fixed with 4% PFA and labeled with Alexa Fluor 647-conjugated WGA (5 mg/ml; Life Technologies) in Hanks' balanced salt solution (HBSS) for an additional 10 min to label the plasma membrane. After washing, the cells were permeabilized for 30 min in PBS containing 3% BSA, 1% normal goat serum, FcR blocking antibody (clone 93; eBioscience), and 0.1% Triton X-100. Cells were labeled with mouse anti-HA antibody (clone 16B12; Covance) followed by Alexa Fluor 488-conjugated anti-mouse secondary antibody. ROIs for E. coli DH5a-treated cells were determined by dsRed signal. WGA signal was used to define ROIs in S. aureus conditions because the bacteria displayed substantially greater staining than did eukaryotic cell membranes. Images were captured with a Nikon C1 Plus confocal microscope with z-stacks at 0.5 mm. Analysis and processing were performed with NIS-Elements software (Nikon).
Live-cell imaging
Cells were plated on fibronectin-coated MatTek dishes (P35G-1.5-14-C) 18 hours before imaging. Imaging was performed in phenol red-free RPMI containing 10 mM Hepes (pH 7.4) and 10% heat-inactivated FBS. After blocking endogenous FcR as described earlier, surface-exposed HA-BAI1 was labeled for 30 min with Alexa Fluor 488-conjugated mouse anti-HA antibody (4 mg/ml; Life Technologies). Cells were then infected with noninvasive DinvG S. Typhimurium SL1344 expressing dsRed and imaged with a 100× objective fitted to a Nikon TE 2000 microscope equipped with a Yokogawa CSU 10 spinning disc and a 512X512 Hamamatsu 9100c-13 EM-BT camera. Movies were captured at a frame rate of 300 ms.
Short-course bacterial association and killing assay
BMDMs (1 × 10 5 ) were seeded onto 24-well plates 18 hours before infection with bacteria at an MOI of 25. To synchronize infections, bacteria were spun onto cells at 4°C as described earlier and then were incubated for 10 min at 37°C to enable bacterial attachment and internalization. To measure bacterial killing, cells were washed extensively with RPMI and then were placed at 37°C for the times described in the figure legends. At each time point, cells were washed and lysed and viable bacteria were enumerated as described earlier.
Gentamicin protection and intracellular bactericidal assay
The longer-course gentamicin protection assay was performed as described previously (22) . Briefly, 5 × 10 4 CHO cells per well or 1 × 10 5 BMDMs per well were seeded into 24-well plates 18 hours before infection. Cells were incubated with bacteria at an MOI of 50 for 30 min at 37°C in aMEM (CHO) or RPMI (BMDMs) containing 10% heat-inactivated FBS, after spinning bacteria onto the cells at 500g for 5 min at 4°C to synchronize uptake. After 30 min of internalization, cells were treated with gentamicin (500 mg/ml; Gibco) for 30 min to kill extracellular bacteria, but leave intracellular bacteria viable. To measure bacterial killing, cells were then washed and lysed immediately or incubated with gentamicin (10 mg/ml) for the remaining times indicated in the figure legends. Cells were lysed in HBSS containing 0.5% saponin with calcium and magnesium, and viable intracellular CFUs were determined by plating cell lysates on LB agar.
Rac activation assay
The precipitation of active, GTP-bound Rac was performed as described previously (22) . BMDMs were serum-starved for 2 hours in RPMI and then infected with E. coli K-12 BW25113 at an MOI of 100 for 10 or 30 min at 37°C. Cells were lysed in 50 mM tris-HCl (pH 7.5), 10 mM MgCl 2 , 100 mM NaCl, 10% glycerol, 0.5% NaDOC, and 1% Triton X-100. GTPbound Rac was precipitated with a GST fusion containing the PBD of PAK immobilized on glutathione sepharose beads for 30 min. Precipitates were resolved by SDS-polyacrylamide gel electrophoresis and then analyzed by Western blotting with a Rac1-specific antibody (Millipore). Rac-GTP was quantified as a percentage of the total amount of Rac in cell lysates.
Detection of ROS
For LDCL assays, 3.5 × 10 5 macrophages were plated in 96-well plates in 200 ml of phenol red-free RPMI (Gibco) containing 10% FBS and then were primed overnight with IFN-g (50 ng/ml; PeproTech). Cells were incubated with 20 mM luminol (Sigma) and treated with bacteria at 37°C in phenol red-free RPMI (Gibco). Luminescence was measured with a VIC-TOR3 Wallac luminometer (PerkinElmer). For in situ fluorescence assays, 1 × 10 5 BMDMs were plated on glass coverslips (Fisher) overnight before infection for 30 min with E. coli DH5a expressing dsRed at an MOI of 25 in phenol red-free RPMI containing 1% heat-inactivated FBS. Cells were then washed and incubated for 30 min with 5 mM CellROX Green (Molecular Probes C10444). The cells were then fixed with 4% PFA, followed by blocking and permeabilization in PBS containing 3% BSA and 0.1% Triton X-100. Cells were counterstained with DAPI (Sigma) to mark nuclei and mounted with ProLong Gold antifade (Life Technologies). Images were acquired and analyzed with a Nikon E800 microscope as described earlier. Test images determined the optimal exposure gain, which was subsequently used for all conditions within an experimental replicate. DAPI was used to select nuclei as ROIs to measure the MFI of CellROX Green. At least 300 cells were imaged per replicate.
Peritoneal infection model
Age-and sex-matched mice between 6 and 8 weeks of age were infected by peritoneal injection with 5 × 10 5 , 1 × 10 8 , or 5 × 10 8 CFUs of E. coli K-12 BW25113 in 0.2 ml of sterile Dulbecco's PBS. Mice were monitored for disease state and severity. Disease state was determined for each animal on the basis of macroscopic examination of behavior, including posture, eye discharge, grooming, and movement. Mice were euthanized at either 4 or 24 hours after infection. Bacterial loads in the peritoneum, liver, and spleen were determined by plating the lysates of homogenized tissues on LB agar.
Statistical analysis
Statistical analysis was performed with GraphPad Prism 5 software. Statistical significance was set at the 5% standard. Data that did not match the assumptions for parametric analysis (normality, equal variance, and normalization) were analyzed with nonparametric analysis as indicated in the figure legends. All analysis was two-tailed. Graphs show means ± SEM. When appropriate, two-way ANOVA with Bonferroni post hoc comparisons was used for analysis. Information represented in the figure legend indicates the analysis regarding the two independent variables (for example, time and cell type) and whether there is an interaction between them. Statistical information represented on the graph refers to the post hoc comparison. In all data sets, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The number of independent experimental replicates is indicated by n.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/9/413/ra14/DC1 Fig. S1 . BAI1 localizes to the cell periphery, the perinuclear region, and the sites of bacterial cell association. Fig. S2 . BAI1 promotes cellular microbicidal activity in J774 macrophages. Fig. S3 . Loss of BAI1 impairs Rac activation in response to E. coli in IFN-g-primed BMDMs. Fig. S4 . Loss of BAI1 impairs intracellular ROS generation but does not affect IFN-g priming or iNOS production induced by E. coli. Fig. S5 . Mitochondrial ROS produced in response to Gram-negative bacteria is independent of BAI1-mediated recognition and signaling. Fig. S6 . Measurement of disease activity analysis. Movie S1. BAI1 is enriched at the phagocytic cup.
